According to cytogenetic aberrations, sarcomas can be categorized as complex or simple karyotype tumors. Alternative lengthening of telomeres is a telomere-maintenance mechanism common in sarcomas. Recently, this mechanism was found to be associated with loss of either α-thalassemia/mental retardation syndrome X-linked (ATRX) or death domain-associated (DAXX) protein. We previously reported that alternative lengthening of telomeres and loss of ATRX expression were common in leiomyosarcoma, angiosarcoma, pleomorphic liposarcoma, and dedifferentiated liposarcoma. In the present study, we screened an additional 245 sarcomas of other types to determine the prevalence of alternative lengthening of telomeres, loss of ATRX/DAXX expression, and their relationship. Undifferentiated pleomorphic sarcomas were frequently alternative lengthening of telomeres positive (65%) and loss of ATRX was seen in approximately half of the alternative lengthening of telomeres-positive tumors. Nineteen of 25 myxofibrosarcomas were alternative lengthening of telomerespositive, but only one was ATRX deficient. Three of 15 radiation-associated sarcomas were alternative lengthening of telomeres positive, but none of them was ATRX deficient. Alternative lengthening of telomeres and/or loss of ATRX were uncommon in malignant peripheral nerve sheath tumors, gastrointestinal stromal tumors, and embryonal rhabdomyosarcomas. By contrast, none of the 71 gene fusion-associated sarcomas was ATRX deficient or alternative lengthening of telomeres positive. All tumors exhibited preserved DAXX expression. Combining our previous studies and this study, a total of 384 sarcomas with complex karyotypes were examined, 83 of which were ATRX deficient (22%). By telomere-specific fluorescence in situ hybridization, 45% (138/308) were alternative lengthening of telomeres positive, 55% (76/138) of which were ATRX deficient. Loss of ATRX was highly associated with alternative lengthening of telomeres (Po 0.001). We conclude that alternative lengthening of telomeres is a frequent telomere-maintenance mechanism in cytogenetically complex sarcomas. Loss of ATRX is highly associated with this feature.
Soft tissue sarcomas are a heterogeneous group of tumors with diverse differentiations, clinical presentations, histomorphologies, molecular pathogeneses, and patient prognoses. According to cytogenetic aberrations, sarcomas are broadly categorized as: (1) sarcomas with complex karyotypic abnormalities that frequently have numerical changes, non-recurrent translocations, and deletions; and (2) sarcomas with simple karyotypes that typically involve fusion or mutation of specific genes. 1 Histologically, tumors with complex karyotypes, such as leiomyosarcoma, pleomorphic liposarcoma, and conventional osteosarcoma, are characterized by nuclear pleomorphism and the presence of atypical mitotic figures. They frequently harbor TP53 mutations, but no other consistent genetic alteration has been identified. They are more common in older patients. By contrast, tumors with simple karyotypes, such as synovial sarcoma, myxoid liposarcoma, and Ewing sarcoma, typically exhibit nuclear uniformity, lack atypical mitotic figures, and are more common in young adults. The specific gene fusions or mutations occur in high frequencies and are highly valuable for diagnosis.
Telomeres, the repetitive hexameric TTAGGG sequences at the ends of each chromosome, are critical in maintaining chromosomal stability. 2 Telomere length must be maintained for the immortalization of malignant cells. Two main telomeremaintenance mechanisms have been proposed: telomerase activation and the alternative lengthening of telomeres. 2 Approximately 10-15% of cancers, notably gliomas and sarcomas, utilize alternative lengthening of telomeres as the telomeremaintenance mechanism. The alternative lengthening of telomeres-positive cells are characterized by marked telomere length heterogeneity and the presence of alternative lengthening of telomeresassociated promyelocytic leukemia bodies. 3, 4 Previous studies have revealed that alternative lengthening of telomeres is commonly used by some sarcomas with complex cytogenetics, such as undifferentiated pleomorphic sarcomas (malignant fibrous histiocytomas), leiomyosarcomas, and osteosarcomas. [5] [6] [7] Montgomery et al. have suggested that alternative lengthening of telomeres is a feature of sarcomas with complex cytogenetics, but is rare in translocation-associated sarcomas. 8 Alternative lengthening of telomeres has been shown to be an unfavorable prognostic factor in several types of sarcomas. 6, [9] [10] [11] [12] Until recently, the underlying mechanism of alternative lengthening of telomeres remains elusive. Heaphy et al. discovered that alternative lengthening of telomeres status was perfectly correlated with the loss of expression of either α-thalassemia/mental retardation syndrome X-linked (ATRX) or death domain-associated (DAXX) protein in pancreatic neuroendocrine tumors. 13 ATRX and DAXX form a dimer that acts as a histone chaperone to deposit histone variant H3.3 to GC-rich regions of the genome, including the telomeres, and plays important roles in maintaining telomere stability. [14] [15] [16] It is hypothesized that dysfunction of the dimer leads to telomere instability, increased telomere homologous recombination, and ultimately, alternative lengthening of telomeres. Subsequent studies have reported frequent ATRX loss (but not DAXX loss) in astrocytoma, leiomyosarcoma, dedifferentiated liposarcoma and other tumor types, and the loss of ATRX has been highly correlated with the alternative lengthening of telomeres phenotype. 6, 12, 13, [17] [18] [19] [20] [21] However, knockdown of ATRX or DAXX has not led to alternative lengthening of telomeres, and patients with germline ATRX mutations do not appear to be cancer prone. 18, 22 In addition, although loss of either ATRX or DAXX is perfectly associated with alternative lengthening of telomeres in pancreatic neuroendocrine tumors, the situation is more complex in sarcomas. In our previous studies, only approximately half of alternative lengthening of telomerespositive leiomyosarcomas and pleomorphic liposarcomas were ATRX deficient, 6, 12 but alternative lengthening of telomeres was highly correlated with loss of ATRX in angiosarcomas and dedifferentiated liposarcomas. 12, 23 Thus, current information indicates that alternative lengthening of telomeres is a manifestation of global telomere dysfunction exploiting dysregulated homologous recombination to elongate the telomeres. Loss of ATRX/DAXX is one of the mechanisms of alternative lengthening of telomeres, but other genetic changes must also be present concurrently for the alternative lengthening of telomeres phenotype to fully develop.
Although many sarcoma types have been evaluated for the prevalence of alternative lengthening of telomeres, the correlation of alternative lengthening of telomeres with loss of ATRX/DAXX expression remains largely unknown. We previously studied this telomere-maintenance mechanism and ATRX/DAXX expression in leiomyosarcomas, angiosarcomas, and liposarcomas. 6, 12, 23 The aim of the present study was to systematically screen other sarcoma types to determine the frequency of alternative lengthening of telomeres, ATRX/DAXX expression, and their relationship.
Materials and methods

Tumor Samples
Sarcomas of various types (Tables 1 and 2) were retrieved from the archives of the Department of Pathology, National Taiwan University Hospital. Histological and immunohistochemical sections were reviewed to confirm the diagnoses. Tumors were classified to sarcomas with simple or complex genotypes based on the current knowledge. Cytogenetic analyses for individual tumors were not performed. This study was approved by the Research Ethics Committee of National Taiwan University Hospital, and the specimens were anonymous and analyzed in a blind manner.
Immunohistochemistry and Telomere-Specific Fluorescence In Situ Hybridization (FISH)
Immunohistochemistry was performed using ATRX (1:500, Sigma Aldrich, St Louis, MO, USA) and DAXX (1:500, Sigma Aldrich) antibodies, as previously described. 6 For telomere-specific FISH, a fluorescein isothiocyanate-labeled peptide nucleic acid probe (Panagene, Daejeon, Korea) was used. 6 The optimal protease K digestion time for each tumor was individually adjusted. The typical digestion times for each tumor type are as follows: 180 to 360 s for undifferentiated pleomorphic sarcomas, myxofibrosarcomas, malignant peripheral nerve sheath tumors, solitary fibrous tumors, alveolar soft part sarcomas, extraskeletal myxoid chondrosarcomas, and gastrointestinal stromal tumors; 240 to 600 s for radiation-associated sarcomas, rhabdomyosarcomas, Ewing sarcomas, synovial sarcomas, and epithelioid sarcomas; and 120 to 240 s for dermatofibrosarcoma protuberans. Because most of the chondrosarcoma and osteosarcoma specimens had been subjected to a decalcification procedure, FISH was not performed for these tumor types.
The criteria used for interpretation of the FISH results were the same as previously defined. 24 Table 2 
Alternative Lengthening of Telomeres in Sarcomas
FISH results were available for 171 tumors: 96 sarcomas with complex cytogenetics, 53 sarcomas with fusion genes, 16 gastrointestinal stromal tumors, and 6 epithelioid sarcomas. In total, 49 tumors were alternative lengthening of telomeres positive (49/171, 29%), including 48 sarcomas with complex karyotypes (48/96, 50%), and one gastrointestinal stromal tumor (1/16, 6%). None of the 53 sarcomas with fusion genes and the 6 epithelioid sarcomas was alternative lengthening of telomeres positive.
Alternative Lengthening of Telomeres and Loss of ATRX Expression in Specific Sarcoma Types
Approximately two-thirds (22/34, 65%) of the undifferentiated pleomorphic sarcomas were alternative lengthening of telomeres positive (Figure 1a) . Loss of ATRX was also common in undifferentiated pleomorphic sarcomas (12/35, 34%). All ATRX-deficient undifferentiated pleomorphic sarcomas were alternative lengthening of telomeres positive.
Although most radiation-associated sarcomas can be classified as undifferentiated pleomorphic sarcoma, angiosarcoma, or leiomyosarcoma, 25 3 tumor types with frequent alternative lengthening of telomeres, only 3 of the 15 radiation-associated sarcomas were alternative lengthening of telomeres positive (20%), and none was ATRX deficient.
Nineteen of 25 myxofibrosarcomas (76%) were alternative lengthening of telomeres positive (Figure 1b) . However, only 1 of the 27 myxofibrosarcomas was ATRX deficient (4%); this ATRXdeficient tumor was alternative lengthening of telomeres positive. In our study, 2/2 (100%), 10/15 (67%), and 7/8 (88%) of the Fe´de´ration Nationale des Centres de Lutte Contre le Cancer Grade 1, 2, and 3 tumors, respectively, were alternative lengthening of telomeres positive, and no apparent correlation between the alternative lengthening of telomeres status and histological grade was noted.
Three of 14 malignant peripheral nerve sheath tumors were alternative lengthening of telomeres positive (21%). One of the 3 alternative lengthening of telomeres-positive tumors showed loss of ATRX expression (Figure 1c) . In this tumor, ATRX expression was lost in the malignant area but was retained in the neurofibromatous area.
One of the 9 embryonal rhabdomyosarcomas was ATRX deficient (11%; Figure 2a ). This ATRXdeficient tumor was the only tumor exhibiting anaplastic histological features and was also the only tumor with the alternative lengthening of telomeres phenotype.
Among the 23 gastrointestinal stromal tumors, 1 tumor exhibited focal loss of ATRX expression (4%; Figure 2b ). For this particular case, loss of ATRX expression was observed in a distinct nodule within the tumor, causing the tumor to have a tumor-in-tumor-like appearance. This nodule exhibited higher cellularity and mitotic activity compared with the background ATRX-proficient tumor cells. The tumor also exhibited medium-tolarge telomere signals in the hypercellular nodule, whereas telomere signals in the ATRX-proficient tumor cells outside of the nodule were small and uniform, similar to those in other alternative lengthening of telomeres-negative gastrointestinal stromal tumors.
Loss of ATRX expression was also seen in four conventional osteosarcomas (4/18, 22%). All epithelioid sarcomas examined in this study showed preserved ATRX expression and were alternative lengthening of telomeres-negative (available in 6). ATRX expression was also retained in all 15 chondrosarcomas. Figure 2c shows the ATRX-deficient myxofibrosarcoma (C1-C2) and one ATRX-deficient osteosarcoma (C3-C4). Tables 1 and 2 show the results of ATRX expression, alternative lengthening of telomeres, and their relationships (including the results of our previous studies). In combination with our previous studies and the present study, a total of 384 sarcomas with complex karyotypes were examined, 83 of which were ATRX deficient (22%). Telomere-specific FISH revealed that 45% (138/308) were alternative lengthening of telomeres-positive, among which 55% (76/138) were ATRX deficient. Loss of ATRX was significantly associated with alternative lengthening of telomeres (P o 0.001).
Loss of ATRX Expression Was Highly Associated with Alternative Lengthening of Telomeres
Discussion
In this study, we studied the frequency of alternative lengthening of telomeres and its correlation with loss of ATRX/DAXX expression in soft tissue sarcomas. After combining the results of this study and those from our previous works, we found that the frequency of this telomere-maintenance mechanism and its correlation with loss of ATRX expression were very similar among the leiomyosarcoma, undifferentiated pleomorphic sarcoma, and pleomorphic liposarcoma. All were characterized by alternative lengthening of telomeres in 450% of the tumors and loss of ATRX expression was observed in approximately half of the alternative lengthening of telomeres-positive tumors. Similarly, studies have shown that 40-60% of osteosarcomas are alternative lengthening of telomeres positive, 5, 7 but ATRX gene mutation and loss of expression are detected in only 30% of pediatric osteosarcomas. 20 Our results indicate that alternative lengthening of telomeres and loss of ATRX expression are common molecular characteristics of these pleomorphic sarcomas. It is possible that a significant subset of so-called undifferentiated pleomorphic sarcomas are Figure 1 An undifferentiated pleomorphic sarcoma (a1) with loss of ATRX (a2) but not DAXX (a3) expression positive for alternative lengthening of telomeres phenotype (a4). A myxofibrosarcoma (b1) with preserved ATRX (b2) and DAXX (b3) expression positive for alternative lengthening of telomeres phenotype (b4). A malignant peripheral nerve sheath tumor (c1) with loss of ATRX expression in the sarcomatous area (c2) but not the neurofibromatous area (c3) positive for alternative lengthening of telomeres phenotype (c4). a1, b1, and c1: hematoxylin and eosin stain; a4, b4, and c4: telomere fluorescence in situ hybridization. Original magnification: a1-3, b1-3, and c1-3: × 200; a4, b4, and c4: × 1000.
other pleomorphic sarcomas such as dedifferentiated leiomyosarcomas, pleomorphic liposarcomas, or osteosarcomas in which the diagnostic features are no longer present or not identified. Alternatively, these pleomorphic sarcomas may have similar molecular features but exhibiting different lines and degrees of differentiation histologically.
In the present study, myxofibrosarcoma was frequently positive for alternative lengthening of telomeres. Histologically, several other sarcoma types, such as undifferentiated pleomorphic sarcoma, pleomorphic liposarcoma, and dedifferentiated liposarcoma, may have focally a myxofibrosarcoma-like appearance. However, the vast majority of myxofibrosarcomas were ATRX-proficient, suggesting that myxofibrosarcoma has a unique molecular pathogenesis for the alternative lengthening of telomeres phenotype. Increased histological grades and cytogenetic aberrations have been observed in the recurrence of myxofibrosarcoma. 26 However, the prevalence of alternative lengthening of telomeres was similar among the Grade 1 to 3 tumors in our study, indicating that alternative lengthening of telomeres is a common feature across all tumor grades. The minimal amount of myxoid stroma required for the diagnosis of myxofibrosarcoma is debatable and some authors argue that tumors possess o 50% of myxoid stroma should be classified as undifferentiated pleomorphic sarcomas. This ATRX-deficient myxofibrosarcoma had a multinodular appearance and two-thirds of the tumor was myxoid. In the myxoid area, there were long and branching thin walled vascular channels. We believe that this tumor best fits the diagnosis of myxofibrosarcoma but additional studies are necessary to determine whether such ATRX-deficient myxofibrosarcomalike tumors are better classified as undifferentiated pleomorphic sarcomas.
Most radiation-associated sarcomas exhibit an undifferentiated morphology. However, only 20% of radiation-associated sarcomas were alternative Figure 2 The anaplastic embryonal rhabdomyosarcoma (a1) with loss of ATRX (a2) but not DAXX (a3) expression positive for alternative lengthening of telomeres phenotype (a4). A hypercellular nodule in a gastrointestinal stromal tumor (b1) with loss of ATRX (b2) but not DAXX (b3) expression positive for alternative lengthening of telomeres phenotype (b4). The only myxofibrosarcoma (c1) deficient for ATRX (c2). An osteosarcoma (c3) deficient for ATRX (c4). a1, b1, c1, and c3: hematoxylin and eosin stain; a4 and b4: telomere fluorescence in situ hybridization. Original magnification: a1-3, b1-3, and c1-4: × 200; a4 and b4: × 1000. lengthening of telomeres positive, which was significantly lower than that of undifferentiated pleomorphic sarcomas (P = 0.005). Moreover, none of the radiation-associated sarcomas was ATRX deficient. These observations indicate that, although morphologically similar, the pathogenesis of radiation-associated sarcoma differs from that of de novo undifferentiated pleomorphic sarcoma. Highdose radiation induces multiple double-strand breaks in chromosomes and breakage-fusion-bridge cycles, resulting in a gain of oncogenes, loss of tumor suppressor genes, and activation of DNA damage responses. 27 Telomerase expression can be activated during this process. 28 Therefore, ATRX loss and alternative lengthening of telomeres might not be needed for immortalization of radiation-associated tumors.
Telomerase expression is the main telomeremaintenance mechanism in high-risk gastrointestinal stromal tumors. 29 Although the tumor cells in gastrointestinal stromal tumors are typically relatively uniform, exceptional cases of 'dedifferentiated' tumors with anaplastic features, and heterologous rhabdomyosarcomatous differentiation following tyrosine kinase inhibitor treatment have been reported. 30, 31 Recently, a KRAS-mutated KIT/PDGFRA-wild type gastrointestinal stromal tumor was found to have ATRX mutations. 32 This tumor also exhibited anaplastic histological features and behaved aggressively. We speculate that loss of ATRX expression and/or acquisition of alternative lengthening of telomeres might be associated with dedifferentiation and/or transdifferentiation of gastrointestinal stromal tumors, and convey a poor prognosis.
Only a minority of malignant peripheral nerve sheath tumors, gastrointestinal stromal tumors, and embryonal rhabdomyosarcomas were alternative lengthening of telomeres positive or ATRX deficient (or both). Interestingly, these cases hinted the Figure 3 A malignant solitary fibrous tumor (a1) with preserved ATRX (a2) and DAXX (a3) expression negative for alternative lengthening of telomeres phenotype (a4). A poorly differentiated synovial sarcoma (b1) with preserved ATRX (b2) and DAXX (b3) expression negative for alternative lengthening of telomeres phenotype (b4). A dermatofibrosarcoma protuberans (c1) with preserved ATRX (c2) and DAXX (c3) expression negative for alternative lengthening of telomeres phenotype (c4). a1, b1, and c1: hematoxylin and eosin stain; a4, b4, and c4: telomere fluorescence in situ hybridization. Original magnification: a1-a3, b1-b3, and c1-c3: × 200; a4, b4, and c4: × 1000.
possibility that alternative lengthening of telomeres and loss of ATRX might be involved in the dedifferentiation or anaplastic change. In the ATRX-deficient malignant peripheral nerve sheath tumor, loss of ATRX expression was restricted to the malignant area. In the ATRX-deficient gastrointestinal stromal tumor, loss of expression was restricted to the hypercellular nodule. In embryonal rhabdomyosarcomas, the only ATRX-deficient case was also the only tumor exhibiting anaplastic histological features. Previous studies have shown that in contrast to non-anaplastic embryonal rhabdomyosarcomas, anaplastic tumors were characterized by more complex cytogenetic derangements with gene amplifications. 33, 34 In keeping with this hypothesis, in our previous study, none of the well-differentiated liposarcomas was alternative lengthening of telomeres positive, but 30% (14/46) of the dedifferentiated liposarcomas were alternative lengthening of telomeres positive. 12 Except rare cases of myxoid liposarcoma and epithelioid hemangioendothelioma, 12, 23 none of the gene fusion-associated sarcomas in our studies was ATRX-deficient or alternative lengthening of telomeres positive, indicating that alternative lengthening of telomeres is not an important telomeremaintenance mechanism for fusion-associated sarcomas. Interestingly, TERT promoter mutation, a crucial mechanism of telomerase activation, is also uncommon in fusion-associated sarcomas. 35 A possible explanation for these observations is that fusion-associated sarcomas typically occur in young patients and might be more likely to be derived from stem cells with intrinsic telomerase activity. Another possibility is that the oncogenic fusion proteins might activate telomerase expression, such as the EWSR1/ETS fusions in Ewing sarcomas. 36 One noteworthy exception is myxoid/round liposarcomas, which have TERT promoter mutation in approximately 70-80% of cases. 35 A previous study also showed that telomerase expression was the main telomere-maintenance mechanism in myxoid/ round cell liposarcomas. 11 Patients with myxoid/ round liposarcoma are older than those with most other types of fusion-associated sarcomas. It is also possible that the fusion proteins in myxoid liposarcoma are insufficient for activating telomerase expression.
Epithelioid sarcoma is characterized by genetic alterations involving the tumor suppressor gene SMARCB1. 37 In contrast to a previous study which showed two of six epithelioid sarcomas were alternative lengthening of telomeres positive, 24 all tumors in our series were alternative lengthening of telomeres-negative and ATRX-proficient. Our results suggest that epithelioid sarcomas might be more similar to fusion-associated sarcomas and gastrointestinal stromal tumors, in which a dominant genetic change drives the tumor formation, and alternative lengthening of telomeres does not play important roles in the pathogenesis.
A potential caveat of our study is that some ATRX-mutated sarcomas may exhibit preserved ATRX immunostaining. We used antibodies recognizing the C-terminal of ATRX and DAXX proteins, which have been previously shown to be highly correlated with alternative lengthening of telomeres in pancreatic neuroendocrine tumors. 13 However, theoretically, some point mutations might affect protein function without abolishing protein expression. Therefore, the immunostaining assay might underestimate the frequency of dysfunctional ATRX protein. Future studies using sequencing analysis might reveal the frequency of mutation in these genes.
In summary, we have screened a large variety of sarcomas for alternative lengthening of telomeres status and ATRX/DAXX expression. Combining the results of this study with those of our previous studies, we have shown that alternative lengthening of telomeres is an important telomere-maintenance mechanism in sarcomas with complex cytogenetics and is frequently associated with loss of ATRX expression. However, its correlation with loss of ATRX expression differ among the sarcoma types and, for some tumors, particularly the myxofibrosarcomas, alternative lengthening of telomeres appears to be attributable to mechanisms other than loss of ATRX in most cases. Alternative lengthening of telomeres and loss of ATRX are rare in simple karyotype sarcomas, but they might have roles in high-grade transformation and/or dedifferentiation. Recently, ataxia telangiectasia and Rad3-related kinase (ATR) was shown to play crucial roles in homologous recombination and alternative lengthening of telomeres, and inhibition of this kinase caused apoptosis of alternative lengthening of telomeres-positive cancer cells. 38 Identification of alternative lengthening of telomeres and loss of ATRX in sarcomas may provide new opportunities to treat these aggressive neoplasms.
